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Under shear, a system of particles changes its contact network and becomes unstable as it transi-
tions between mechanically stable states. For hard spheres at zero pressure, contact breaking events
necessarily generate an instability, but this is not the case at finite pressure, where we identify two
types of contact changes: network events that do not correspond to instabilities and rearrangement
events that do. The relative fraction of such events is constant as a function of system size, pressure
and interaction potential, consistent with our observation that both nonlinearities obey the same
finite-size scaling. Thus, the zero-pressure limit of the nonlinear response is highly singular.
Under shear, systems of interacting particles undergo
a sequence of transitions between mechanically stable
states. For supercooled liquids and glassy solids, local-
ized excitations that allow the material to flow and fail
under an applied strain correspond to low-energy saddle
points of this landscape [1–3]. While this scenario is well-
established for materials with attractive interactions or
at significant finite pressures, it is not clear whether this
scenario holds for pressures close to zero.
The physics of weakly compressed systems of repul-
sive soft particles is governed by the jamming transition.
Linear response properties, such as the shear and bulk
moduli, robustly follow finite size scaling as a function of
the number of particles N and pressure p [4–8]. These
and other results for the linear response suggest that jam-
ming is a bona fide phase transition. The number of con-
tacts between particles plays a crucial role: at zero pres-
sure, systems of repulsive spheres are isostatic, so that
the number of degrees of freedom equals the number of
constraints. The mechanical response of such systems is
highly anomalous, and the removal of any contact will
destabilize the system [9–11]. At finite pressure, the ex-
cess number of contacts above isostaticity N∆Z also is
governed by finite size scaling, revealing a small pressure
regime with only one excess contact [4, 5, 7, 8].
Here we investigate jammed systems under large shear
deformations, focusing on contact changing events [12,
13]. Near the critical point, breaking a single contact
might have a dramatic effect. In particular, at zero pres-
sure, any contact breaking corresponds to a loss of stabil-
ity, while at finite pressures, where the excess number of
contacts is positive, it could be possible to break a con-
tact without initiating an instability. It is however not
yet clear how often this happens, or even whether it is
possible to distinguish between true instabilities that cor-
respond to a saddle point, and innocuous contact changes
not associated with a saddle point.
We find that at finite pressures, we can sharply dis-
tinguish two classes of contact changes: network events,
which do not correspond to instabilities, and rearrange-
ments, which correspond to saddles in the energy land-
scape. Rearrangements are associated with finite jumps
in both the shear stress and irreversibiliy, while network
events are not. We study the frequency of network events
and rearrangements as a function of N and p and find
that the fraction of all contact changes that correspond
to instabilities is remarkably constant as a function of N ,
contact potential, and p. This highlights that while all
contact breaking events are instabilities at isostaticity, at
all pressures above isostaticity the two are abruptly no
longer one-to-one.
Furthermore, we find that near isostaticity the nonlin-
ear properties, such as stress jumps, degree of irreversibil-
ity associated with rearrangements, and the mean strain
steps between subsequent network events and subse-
quent rearrangements, exhibit the same finite-size scaling
that has previously been reported for linear response [8].
Specifically, the scaling exponents extracted from simula-
tions appear to be integer, dependent on the interaction
potential (Hertzian or Hookean), and can be rational-
ized using simple arguments. This surprising correspon-
dence between the linear and nonlinear scaling is similar
to what is found in Random Field Ising Models [14].
Finally, Wyart has recently argued that if finite con-
tact potentials at small pressure introduce small pertur-
bations to the hard-sphere system, then one expects the
minimum force fmin across a Hertzian contact at the on-
set of instability to scale as p3 [15]. With the correct
finite-size scaling, we are able to resolve the statistics of
the minimum force at very low pressures and find that it
instead scales as fmin ∼ p2.
Taken together, our results highlight that the zero
pressure limit, which corresponds to the physics of hard
spheres, is highly singular and cannot by itself describe
the nonlinear finite-pressure behavior of particulate mat-
ter in low dimensions. In other words, the phenomenol-
ogy of jamming at small but finite pressures is different
from that at zero pressure.
Model.— We simulate systems of 2D bidisperse disks
in a 50-50 mixture with size ratio 1:1.4 in a square box
under athermal quasistatic shear [16]. We perform an
infinite temperature quench to obtain an initial packing
and use pairwise particle contact potentials to define the
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2FIG. 1. a) Typical stress strain curve for 2D Hertzian spheres
with N = 128 and p = 10−2. Network events are labelled with
blue dots and rearrangement events are labeled with red tri-
angles. Examples of particle positions and forces during b)
a rearrangement and c) a network event, where grey disks
represent positions before and solid disks represent positions
after the event. Solid red lines represent new contacts and
dashed blue lines represent broken contacts. A metric of re-
versibility versus the stress drop for d) 2D Hertzian and e) 2D
Hookean disks distinguishes network events (lower left) from
rearrangements (upper right) for all system sizes and pres-
sures, where the colors represent N = 32(red), 64, 128, 256,
512, and 1024(blue) with an even gradient, and pressures are
not distinguished.
energy: U =
∑
ij Θ(εij)ε
ξ
ij where εij is the overlap be-
tween particles i and j, Θ is the heaviside function, and
ξ represents the power of the potential. The stress σ is
calculated via the Born-Huang approximation [17]. We
study Hertzian (ξ = 5/2) and Hookean (ξ = 2) disks in
2D and Hertzian spheres in 3D, to understand whether
the two different types of potentials, which generate dis-
tinct interparticle stiffnesses as a function of pressure,
affect our results.
To apply a shear-strain γ, we utilize standard ather-
mal quasi-static shear with Lees-Edwards boundary con-
ditions where the energy is minimized after each strain
step via the FIRE algorithm [18] until the maximum un-
balanced force on any particle is less than 10−18. As we
apply shear, the system undergoes contact changes, and
we use a bisection algorithm to bracket contact changes
[12] with a resolution of ∆γ < 10−13 [19]. As we fre-
quently need to distinguish small numbers from those
that are zero to numerical precision, we employ quad
FIG. 2. (color online) The average stress drop associated
with rearrangements for each system size and pressure col-
lapses onto a master curve when we plot it versus Nβp for
(a) 2D Hertzian disks (β = 3) and (b) 2D Hookean disks
(β = 2). (insets) The metric of reversibility associated with
rearrangements also collapses onto a master curve when plot-
ted versus Nβp. Dashed lines have slope unity and are shown
to guide to the eye. Error bars represent the middle 60% of
each distribution, and the colors are N = 32(red), 64, 128,
256, 512, and 1024(blue) with an even gradient.
precision calculations and perform the minimizations on
GPUs [20] to access a broad range of parameters with
high numerical precision.
Two classes of events.— We study contact changes in
ensembles of 50 different initializations at pressures rang-
ing from 10−7 to 10−2 and systems sizes from 32 to 4096.
For each case, we apply shear until there have been either
30 contact changes in 2D or 60 contact changes in 3D,
which allows us to stay within the pre-yielding regime.
Our first main result is that all contact changes are of
two mutually distinct types (Fig. 1). First, we observe
events where the stresses exhibits a finite jump and the
particles undergo discontinuous motion (Fig. 1b). We
refer to these are rearrangements. Second, we observe
events where individual contacts are broken or created
but the stress remains smooth (Fig. 1c). We refer to
these as network events.
To investigate the nature and statistics of these events,
we focus on infinitesimal strain loops associated with
the smallest bisection interval around a contact change
event. First, the stress drop ∆σ associated with a con-
3tact change is defined using a linear extrapolation of the
shear modulus G: ∆σ = (γ+ − γ−)G− − (σ+ − σ−),
where the indices − and + represents the last point be-
fore the contact change and the first point after the con-
tact change. Second, to investigate the (ir)reversibility
of each contact change, we study the change in the force
contact network, defined using the quadrature sum of the
differences in inter-particle forces before and after an in-
finitesimal strain loop: ∆F (γn) =
(
Σk|f(k)→ − f(k)← |2
)1/2
,
where k is a sum over all contact forces and the right
(left) arrow indicates the force at the beginning (end) of
the loop across the contact change event.
Scatter plots of ∆F vs |∆σ| reveal that network events
and rearrangements are clearly distinguished (Fig. 1d,e):
Network events exhibit no stress drops to within numer-
ical precision ∆σ < 10−14, while stress drops associated
with rearrangements are finite [21].
Our data unambiguously shows that network events
are perfectly reversible, while rearrangements are irre-
versible. Hence the two classes of events can be separated
by stress drop and (ir)reversibility. Analogous results are
true for 3D Hertzian spheres (Fig. S2).
We note that while previous work suggested that |∆σ|
exhibits power-law scaling [22], implying that arbitrarily
small stress drops are possible, more recent work [23]
suggests a finite cutoff to the smallest possible stress
drops. Our simulations are consistent with the latter sce-
nario, and the existence of a finite minimum magnitude
of stress drops associated with saddles (Supplemental Fig
S1) makes it possible to distinguish network events from
rearrangements.
Together, our results indicate a major difference be-
tween the physics at finite albeit small pressures, and the
hard sphere scenario at strictly zero pressure. For hard
spheres at zero pressure, contact breaking events will nec-
essarily correspond to a saddle point or instability [24],
which is clearly not the case at any finite pressure.
Finite size scaling.— Previously, Goodrich et al.
showed the finite-size scaling of linear elastic response
– the shear and bulk moduli – collapses as a function
of Nβp [4, 5], implying that jamming has the finite size
scaling properties of a real phase transition [7, 8, 25–27].
Therefore, we use our data to study the statistics of
stress drops ∆σ and irreversibility in the force network
∆F across saddle points at very small pressures, and test
the scaling ansatz developed initially for linear response.
We first extend the previous scaling ansatz for ∆Z to
generic contact potentials [28, 29]:
∆Z =
1
N
W (N2(ξ−1)p) =
1
N
W (Nβp) (1)
where β = 3 for Hertzian systems and β = 2 for Hookean
systems. Systems with Nβp < 1 have on average only
one contact above isostaticity, and exhibit a different be-
havior than those with Nβp > 1. Figures 2a and 2b illus-
trate that the scaling collapse of the nonlinear response
– including both stress drops ∆σ and force network irre-
versibility ∆F across saddle points – is consistent with
FIG. 3. Strain steps between rearrangements (circles) and
network events (crosses) for all system sizes and pressures
of a) 2D Hertzian disks and b) 2D Hookean disks. Colors
indicate system size with colors are N = 32(red), 64, 128, 256,
512, 1024, 2048, and 4096(blue) with an even gradient. Error
bars represent the middle 60% of each distribution, and the
point represents the geometric mean. Dashed lines with slope
1 are added as a guide to the eye. Insets) A simple regression
confirms that these two curves have the same slope, which
implies a constant fraction of rearrangements across system
size and pressure.
the previously reported scaling of linear response near
jamming [4].
In the region where Nβp > 1, we find that the scal-
ing of stress drop and the irreversibility metric before
rearrangements scale with N and p as 〈∆σ〉 ∼ pN and〈∆F 〉 ∼ p respectively. The linear scaling of both with
pressure implies that the only force scale in the system is
the one set by the pressure. And while the typical size of
a stress drop goes to zero with increasing system size, the
size of the irreversibility metric remains constant, imply-
ing that rearrangements involve a characteristic number
of particles in the pre-yielding regime.
Characteristics Strain Scales.— In order to measure
the relative frequency of network events and rearrange-
ments, we measure the average strain between network
events ∆γnet and the average strain between rearrange-
ments ∆γrear and analyze the scaling of both as a func-
tion of Nβp (Fig. 3(a,b)). We again find excellent scal-
ing collapse. Moreover, the fraction of contact changes
corresponding to rearrangements remains constant at all
pressures and system sizes.
4FIG. 4. The minimum force before a rearrangement in a)
2D Hertzian and b) 3D Hertzian systems. Dashed lines rep-
resent a slope of 1, 2, and 3. Our data is consistent with
fmin ∼ p2/N . Error bars represent the middle 60% of each
distribution, and the data point represents the geometric
mean. The colors vary with system size as N = 32(red), 64,
128, 256, 512, 1024, 2048, and 4096 (blue) with an even gra-
dient.
Maloney and Lemaitre [16] predicted the exponent for
strain between rearrangements in steady-state flow by
arguing that all accumulated energy must be dissipated,
so ∆γrear ∼ ∆σG . Given the numerical observation that
the shear modulus scales with the pressure and inter-
action potential as G ∼ p(ξ−3/2)/(ξ−1) [29], we obtain
∆γrear ∼ p
1/2(ξ−1)
N =
p1/β
N .
Surprisingly, Figure 3 shows this applies even in the
pre-yielding regime before steady-state flow, and not only
to the distance between rearrangements ∆γrear, but also
to the distance between network events ∆γnet. This is in
agreement with the results of previous work by van Deen
[13], which we extend in the supplement (Supplemental
section B.)
A simple regression analysis between ∆γrear and ∆γnet
for Hertzian 2D disks yields ∆γrear/∆γnet = 5.88± 0.35
(Figure 3a inset). We can convert this to a relative frac-
tion of rearrangements: η = 0.135 ± 0.015 for Hertzian
2D disks, η = 0.145 ± 0.010 for Hookean 2D disks, and
η = 0.143 ± 0.015 for Hertzian 3D spheres. These frac-
tions are statistically indistinguishable, implying that the
fraction of rearrangements does not depend on the sys-
tem size, pressure, or interaction potential, and does not
seem to vary between 2D and 3D.
Wyart recently predicted the low-pressure scaling of
the minimum force across rearranging contacts, by as-
suming that small overlaps at low pressures generate
a small perturbation to the energy landscape of hard
spheres at zero pressure [15].
As the forces across contacts in Hookean packings do
not depend on the overlap, we expect fmin not to corre-
late with pressure in this case, which is consistent with
our data shown in Supplemental Figure S4.
For Hertzian spheres in 2D and 3D we measure the
minimum force before an event, and find that
〈fmin〉 ∼ p
2
N
, (2)
as shown in Fig 4. Our data are not consistent with
the prediction from a small-overlap expansion around
hard spheres, which for a Hertzian interaction potential
is fmin ∼ p3. These results also suggests the hard sphere
limit is singular.
Discussion.—We have identified two types of contact
changes that exist in finite pressure systems: network
events and rearrangements.
First, the statistics of each are governed by finite size
scaling relations with integer exponents, corresponding
to those of linear response quantities. It is far from ob-
vious that the linear and nonlinear response should obey
the same scaling ansatz, although similar relationships
have been observed in other systems [14]. In jammed
particulate matter, it could be that the low-frequency lo-
calized excitations that contribute to the linear response
in low dimensions also govern the transition states, as
postulated previously [2, 30, 31]. Second, the relative
proportion of rearrangements is small (about 14 %), and
independent of interaction potential, system size, and
pressure. Third, the minimum force at the onset of insta-
bility scales differently than predicted based on an small-
overlap expansion around the hard-sphere zero-pressure
state [15].
Together, these results highlight that the zero-pressure
isostatic limit of purely repulsive particles is highly singu-
lar. At zero pressure, every contact breaking event should
correspond to an instability, but Fig. 3 demonstrates
that at any finite pressure and system size the fraction of
contact changes that are instabilities is a fixed constant
far from unity. This may come from the fact that in soft
spheres, the limit of zero pressure always corresponds to
one excess contact, whereas in hard spheres, there are
zero excess contacts.
Looking forward, it will be interesting to study whether
the vibrational spectrum of soft spheres at low pressure
are different in important ways from those of hard spheres
at zero pressure. The eigenvalue spectrum seems to be
well-described by an expansion around zero pressure –
Wyart et al [32] and Goodrich et al [4] demonstrate
that isostatic systems at zero pressure must possess soft,
system-spanning modes associated with breaking a sin-
gle contact, and that these extended modes give rise to a
boson peak in the density of states that shifts to higher
frequencies as the pressure increases away from zero.
5The eigenvector spectrum remains more mysterious. A
recent manuscript suggests that extended modes found at
zero pressure also destabilize the system at small but fi-
nite pressures, and that instabilities continuously become
more localized as the pressure increases [33]. However,
other work hints that there might be different types of
instabilities in 2D and 3D systems. Charbonneau and
collaborators [34] studied the statistics of small forces
in jammed hard-sphere packings as a function of dimen-
sion, and found that they scale as a power law predicted
by mean-field [24, 35, 36] and infinite-dimensional [37]
theories, provided that localized buckler excitations were
removed. The existence of these localized excitations,
which are much more prevalent in 2D and 3D, suggest
that mean-field extrapolations from zero pressure may
not fully explain the mechanical response. It would be
interesting to study whether the finite-size scaling of fmin
we observe, which is not consistent with zero-pressure
mean field predictions, might instead be consistent with
a different, localized class of excitations that govern in-
stabilities in low dimensions.
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A. Additional methods
Energy minimization details— The gradient of the en-
ergy is given by
∂U
∂rαi
= −Fαi = −
∑
k∈∂i
εξ−1ik
nαik
σik
, (1)
where rαi is the displacement associated with moving par-
ticle i in the α direction. To find the linear stability of
systems we calculate the eigenvalues of the dynamical
matrix Hαβij =
∂2U
∂rαi ∂r
β
j
Hαβij = δij
∑
k∈∂i
[
(ξ − 1) ε
ξ−2
ik
σ2ik
nαikn
β
ik +
εξ−1ik
σikρik
(nαikn
β
ik − δαβ)
]
− δ〈ij〉
[
(ξ − 1) ε
ξ−2
ij
σ2ij
nαijn
β
ij +
εξ−1ij
σijρij
(nαijn
β
ij − δαβ)
]
,
where nαij is the α component of the normal vector be-
tween particles i and j. ∂i denotes neighbors of i and δ〈ij〉
denotes particles that are in contact. We ignore transla-
tional modes and rattlers, which trivially correspond to
zero modes of the dynamical matrix.
To apply Lees-Edwards boundary conditions, we use
periodicity vectors { ~Lx, ~Ly}. After initializing the sys-
tem, we keep the simulation area fixed at every strain γ
and we choose to strain along the x direction, such that
~Lx(γ) = ~Lx(0) and ~Ly(γ) = ~Ly(0) + γ ~Ly(0) · xˆ.
At each value of applied strain γ, we calculate the re-
sulting stress tensor σαβ via the Born-Huang approxima-
tion [1].
σαβ = − φ
N
∑
k
(r(k)α f
(k)
β ), (2)
where the sum is over all bonds k with distance vector
~r(k) and force vector ~f (k). The shear stress that we
report is σxy, and the pressure is p = − 1D
∑
α σαα [2].
Numerical calculation of the shear modulus— The shear
modulus G is [3, 4]:
G =
1
L2
[
∂2U
∂γ2
−
∑
λq 6=0
1
λq
∑
kα
(Cqαk
∂2U
∂γ∂rαk
)2
]
(3)
where λq and C
q are the eigenvalues and eigenvectors of
the Hessian. From this equation one can see that stress
drops associated with discontinuities in the shear modu-
lus occur when an eigenvalue λq goes to zero.
To obtain the partial derivatives of the energy with
strain, it is useful to write the distance between particles
explicitly in x and y-components in terms of the bound-
ary conditions:
ρxij = σi+σj− rxj + rxi − qxijLxx− qyij [Lyx(0) +γL] (4)
ρyij = σi + σj − ryj + ryi − qyijLyy (5)
where qαij is 0 if the particles are in the same simulation
box, but it is +1 if particle j is in a periodic box to the
right (qxij) or above i (qyij), and it is −1 if particle j is
in a periodic box to the left or below i.
This makes computing the derivatives straightforward
∂U
∂γ
= −L
∑
i<j
qyijε
ξ−1
ij n
x
ij , (6)
∂2U
∂γ2
= L2
∑
i<j
q2yij
[
(ξ− 1)εξ−2ik (nxik)2 +
εξ−1ik
ρik
[(nxik)
2− 1]
]
,
(7)
∂2U
∂γ∂rαk
= L
∑
i∈∂k
qyik
[
(ξ−1)εξ−2ik nxiknαik+
εξ−1ik
ρik
[nxikn
α
ik−δxα]
]
,
(8)
where j ∈ ∂i/B indicates particles that contact across
the top boundary, such that particle i is above the
boundary and particle j is below the boundary.
Fraction of contact changes that are rearrangements —
We can convert numbers of events to a relative fraction
of rearrangements η by assuming that we traverse a total
strain ∆γ and then counting the expected numbers of
each event:
η =
Nr
Nr +Nn
=
∆γ
∆γr
∆γ
∆γr
+ ∆γ∆γn
=
1
1 + ∆γr∆γn
. (9)
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2B. Deformations required to produce a contact
change
Previous work by some of us [5, 6] has studied the
deformations required to produce a contact change in
an arbitrary contact potential with power ξ. Here we
reproduce and extend those arguments and discuss how
the results presented in the main text are consistent with
previous results.
First we consider pure compression. From O’Hern
et al [2], we know that for an arbitrary contact poten-
tial the excess coordination ∆z scales with the pres-
sure p as ∆z ∼ p1/β in the thermodynamic limit, where
β = 2(ξ − 1) or N∆z ∼ (Nβp)1/β .
Following conventions established by van Deen [5], εmk
denotes the compressional strain required to make a con-
tact and εbk denotes the compressional strain required to
break a contact. The contact change strain εcc is then
the minimum of the absolute values of the making and
breaking strains.
In the Nβ  1 regime, making (+) or breaking (-)
a contact changes N∆z/2 by one, which generates a
change in pressure N∆z/2± 1 ∼ [Nβ(p± δp)]1/β . Then
± δδp [Nβ(p ± δp)]1/β ] ∼ ±Np(3−2ξ)/2(ξ−1) describes the
change in contacts given a change in pressure. Inverting
this expression gives δp ∼ ±p(2ξ−3)/2(ξ−1)/N , which is
the change in pressure required to make a single contact
change. The compressional strain is the pressure change
divided by the bulk modulus K: εcc ∼ ±δp/K, where
the bulk modulus scales as K ∼ p(ξ−2)/(ξ−1) [2], yielding
εcc ∼ ±p1/2(ξ−1)/N = p1/β/N .
In the Nβ  1 regime, the arguments of van Deen et
al. [5, 6], do not depend on the interaction potential, and
so they carry through unaltered. In summary:
εbk εmk εcc Regime
−p 1/N2 p Nβp 1
−p1/β/N p1/β/N p1/β/N Nβp 1
To reconstruct the shear argument, we note that
G ∼ p(ξ−3/2)/(ξ−1) for Nβp  1 and G ∼ 1/N for
Nβ  1, [2, 7]. We also follow van Deen’s argument
that σcc ∼ P/N because the pressure sets the force scale
in the system, and the stress should scale appropriately
with system size. We assume linear response, giving
γcc ∼ σcc/G, which means:
γcc ∼
{
p1/β
N N
βp 1,
p Nβp 1.
We note that the Nβ  1 regime predicted by van
Deen agrees well with what we see, while the small sys-
tem size prediction does not. However, a major differ-
nce between the results of van Deen at al. and those
presented here is that their results are shear stabilized,
meaning the energy is minimized with respect to box size
in addition to particle positions, and ours are not. Per-
haps as a consequence, van Deen et al. find that the first
contact change is quite a bit more likely to be a contact
breaking event, while ours are more often contact mak-
ing (Fig. S3). We expect this difference would cause
significantly different behavior in the Nβ  1 regime, as
observed.
C. Supplemental Figures
FIG. S1. The minimum observed stress drop associated with
rearrangements as a function of N and p for 2D Hertzian
systems. This is well defined at our level of precision for
all values of N and p, because the stress drops are always
bimodally distributed. Because each is taken as a minimum
observation within a distribution, it overestimates the lower
bound on stress drops.
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3FIG. S2. Results for 3D Hertzian spheres. (a) A metric of reversibility versus the absolute value of the stress drop. We see
a clear distinction between network events and rearrangements: network events lie in the lower left quadrant, are perfectly
reversible, and have zero stress drop, while rearrangements lie in the upper right quadrant, are irreversible, and have a nonzero
stress drop. The average stress drop (b) and the squared metric of reversibility (c) associated with rearrangements for each
system size and pressure collapses onto a master curve when we plot these versus Nβp. Dashed lines represent the power
law for each, and are shown as a guide to the eye. (d) Strain steps between rearrangements (circles) and network events
(crosses). (Inset) A simple regression confirms that these two curves have the same slope, which implies a constant fraction of
rearrangements across system size and pressure. A dashed line with the best fit from linear regression is plotted. Error bars
on all plots are given as the middle 60% of each distribution, and the colors are N = 32(red), 64, 128, 256, 512, and 1024(blue)
with an even gradient.
4FIG. S3. The difference between fmin for contact making
network events (red) and rearrangements (black) for a) 2D
Hertzian disks and b) 3D Hertzian spheres. In the N3p > 1
regime, the scaling reduces to fnetmin ∼ p/N and frearmin ∼ p2/N .
FIG. S4. The minimum force before a rearrangement in 2D
Hookean disks. Dashed lines represent a slope of 1, 2, and 3.
Our data clearly does not have any of these scalings, and is
consistent with a force being below the numerical threshold
for zero. Error bars represent the middle 60% of each dis-
tribution, and the point represents the geometric mean. The
colors vary with system size as N = 32(red), 64, 128, 256, 512,
1024, 2048, and 4096 (blue) with an even gradient.
